Since acorn production is a foundational process of ecosystems dominated by oaks, understanding the impact of forest management practices on acorn production is critical to the sustainable management of oak forests. This investigation addressed the impact of even-aged management (EAM), uneven-aged management (UAM), and no-harvest management (NHM) on the production of mature, sound acorns over an 18-year period (1993-2010) of a long-term, landscape-scale forest management experiment in the Missouri Ozarks. Forest management impacts were investigated at two operational scales: the multi-stand compartment and the stand. We hypothesized that acorn production at both scales would be lower under active management (EAM and UAM) than NHM on these oak-dominated landscapes. Acorn production (acorns/ha/year) of red oaks (mainly black oak (Quercus velutina) and scarlet oak (Q. coccinea)) at the compartment level was lower under active management than NHM during the post-treatment period (1997-2010), but not for white oaks (mainly white oak (Q. alba) and post oak (Q. stellata)), which was largely a result of greater abundance and preferential harvesting of mature red oaks. At the stand scale, acorn production following either intermediate thinning or single-tree selection was comparable to yields observed in untreated stands suggesting that partial overstory removal can be implemented for harvesting timber and other silvicultural objectives without sacrificing
Introduction
Acorn production is a foundational process of oak (Quercus) forest ecosystems. Aside from its obvious importance in the sexual reproduction of oaks, acorns are also a primary food source of many vertebrate and invertebrate species. As a food source, acorns are high in energy content and digestibility but low in protein and key nutrients (Goodrum et al., 1971; Short & Epps, 1976; Kirkpatrick & Pekins, 2002) . According to one estimate, nearly 100 bird and mammal species consume acorns in North America (Martin et al., 1961) . Acorn production can influence ecosystems in complex ways through trophic interactions (Ostfeld, 2002) and is considered a keystone resource (Wolff, 1996) . The inter-annual variability in acorn production influences the dynamics of wildlife populations, including numerous ecologically important bird and mammal species (McShea & Healy, 2002) . In turn, the impact of acorn consumers on acorns and how this impact changes with consumer population dynamics can affect oak regeneration dynamics, oak recruitment, and the future production of acorns (Healy, 1997; Feldhamer, 2002; Ostfeld, 2002) . Acorn production has even been linked to gypsy moth outbreaks (Elkinton et al., 1996) and Lyme's disease infection (Jones et al., 1998) .
Acorn production exhibits large temporal variation and many factors have been linked to this variability. Differences in acorn production occur not only among oak species but also among individuals within a species (Greenberg, 2000; Koenig & Knops, 2002) . Generally speaking, large, dominant trees produce more acorns than their smaller, suppressed counterparts (Goodrum et al., 1971; Greenberg, 2000) , which, aside from differences in vigor, is also related to higher density of acorn-bearing branches and greater exposure of dominant tree crowns to direct sunlight (Greenberg & Parresol, 2002; Johnson et al., 2009; Rose et al., 2012) . Several studies have found that populations of oaks are often composed of inherently good and poor acorn producers (Greenberg, 2000; Koenig & Knops, 2002) . Insects and external factors, such as weather, can also affect acorn production (Fearer et al., 2008; Johnson et al., 2009 ), especially weather events that impact flowering and pollination (Cecich & Sullivan, 1999; Johnson et al., 2009) . In forests composed of multiple oak species, acorn production by some species compensates for low production by others during most years (Burns et al., 1954; Christisen & Korschgen, 1955; Goodrum et al., 1971; Sork et al., 1993; Koenig & Knops, 2002) . It has been hypothesized that inter-annual fluctuation in acorn yield is an evolved strategy for overwhelming acorn predator populations, enhancing pollination efficiency, or a more complicated compromise among multiple selection pressures rather than simply a response to fluctuating resource availability (Koenig & Knops, 2002) .
The high value of oaks as both desirable timber species and sources of food for wildlife makes oak-dominated forests ideally suited for sustainable management that balances ecological and commodity objectives. Maintaining or increasing the abundance of oak species on many sites will require some form of active forest management to support oak recruitment and eventual advancement into the overstory (Dey et al., 2010) . Active management may also help to mitigate negative effects of oak decline, including preventing diminished acorn yield (Greenberg et al., 2014) . However, there is still uncertainty about what impact active management of oak forests will have on acorn production. Understanding the effect of management practices on acorn yield and other ecosystem processes is critical to the sustainable management of oak forests.
There is considerable interest in boosting acorn production to benefit wildlife and oak regeneration through silviculture. Past research addressing the effects of partial overstory removal treatments on acorn production has emphasized impacts on individual-tree production, while comparatively fewer studies have addressed impacts at the stand level. Several studies have observed higher individual-tree acorn yields in thinned stands compared to unthinned stands (Harlow & Eikum, 1963; Paugh, 1970; Healy, 1999) . Individual trees retained in stands treated with different regeneration methods produced more acorns than in untreated areas and acorn production at the individual-tree level increased with basal area reduction (Perry & Thill, 2003) . Perry & Thill (2003) also found that stand-level yields were higher under group selection than other treatments, including untreated stands.
Less is known about the impact of forest management practices on acorn production at operational scales of forest management ranging from the stand up to the compartment (a multi-stand unit of forest management).
This study investigated the influence of three forest management systems commonly applied to state lands in the Missouri Ozarks during the first 14-year period following initiation of management systems and considered the impacts of management at two operational scales: the multi-stand compartment and the stand. At the compartment scale, we hypothesized that acorn production would be lower under active management than no-harvest management as a result of reduced densities of adult oaks due to harvesting. We also hypothesized that compartment-level acorn yield would be lowest under even-aged management, intermediate under uneven-aged management, and highest where no harvesting has occurred. At the stand scale, we hypothesized that previously untreated stands treated for the first time with a single partial overstory removal would have a lower acorn yield than untreated stands and that acorn production would increase in partially cut stands during the post-harvest period as a result of enhanced individual-tree growth and vigor stimulated by overstory density reduction. We also expected acorn production to vary among different landscape positions as a result of inherent variation in the density of adult oaks on the landscape both before and after harvest.
Methods

Study Sites
This investigation used data collected over 18 years (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) on sites of the Missouri Ozark Forest Ecosystem Project (MOFEP). MOFEP is a long-term, multi-disciplinary program evaluating the effect of alternative forest management systems on Ozark forests of southeastern Missouri, USA. Three management systems were initiated as treatments of the MOFEP experiment: even-aged management (EAM), uneven-aged management (UAM), and no-harvest management (NHM). The active management systems, even-aged and uneven-aged, were designed to represent approaches taken by the Missouri Department of Conservation (MDC) for managing public land in the southeast Ozarks. For nearly a quarter century, the MOFEP experiment has been a platform for multi-agency, collaborative research on managed forests .
The MOFEP experiment employs a randomized complete block design (RCBD) of three blocks with the three management systems randomly assigned to three sites per block and a total of nine sites. MOFEP sites range in size from 314 to 516 ha. Each MOFEP site is an administrative compartment composed of 44 -82 stands ranging from 0.2 -62 ha. MOFEP sites are located on two MDC-administered Conservation Areas in southeastern Missouri (Figure 1) . All MOFEP sites fall within the Current River Ecological Subsection of the Ozark Highlands Section (Nigh & Schroeder, 2002) . MOFEP sites are underlain mainly by Ordovician dolomites and sandstones (Meinert et al., 1997) . Soils are highly weathered Ultisols and Alfisols derived mainly within loess, hillslope sediments, residuum, and gravelly alluvial parent material (Meinert et al., 1997) .
Treatments under EAM and UAM systems of the MOFEP experiment were implemented from May 1996 to May 1997. The management cycle of both systems starts with a pre-treatment inventory of a compartment that is accomplished by inventorying each stand individually. This information is used to prescribe appropriate silviculture treatments to each stand that also considers management impacts at the compartment level. Under MOFEP's EAM system, approximately 12% of the compartment is regenerated by clearcutting of mature stands every 15 years. Thinning is also applied as an intermediate treatment under EAM. Under MOFEP's UAM system, stands are treated with single-tree selection and tending of size-classes according to the BDq method on the same 15-year cycle as the EAM system. Group openings may also be created along with single-tree selection to regenerate tree species of lower shade tolerance (e.g., scarlet oak (Quercus coccinea) and shortleaf pine (Pinus echinata)). Approximately 10% of each site was reserved as old growth under both systems prior to the first treatment entry. To date, there have been two treatment entries on MOFEP sites (1996-1997 and 2011-2012) . See Brookshire et al. (1997) and Knapp et al. (2014) for more on treatment implementation of the MOFEP experiment.
MOFEP Hard Mast Project
The MOFEP hard mast project was initiated to evaluate the effects of MDC forest management systems on the production of acorns. The hard mast project uses a split-plot RCBD with the three management systems as whole-plot treatment and landscape position as the subplot factor. Since MOFEP sites are large enough to capture relatively high variability in soils and topography, each site was initially stratified into landscape positions, defined by slope position and aspect, in order to help account for landscape variation analytically. Hard mast sampling plots were randomly assigned to four landscape strata (subplots): south and west facing side slopes (SW), ridge tops (R), north and east facing side slopes (NE), and upland waterways and drainages (WD). SW, R, and NE strata alone account for nearly 90% of MOFEP sites (Vangilder, 1997) . The number of sampling plots within a stratum is proportional to its extent within a site with a total of 14 -16 per site and a total of 130 sampling plots experiment wide. See Table 1 for details on the impact of the 1996-1997 harvest on hard mast sampling plots.
The MOFEP hard mast project captures acorn yield at the stand level rather than production at the scale of individual trees. Each hard mast sampling plot consists of an array of 20 inverted cone traps on a 5 × 4 grid with traps spaced at 8.7 m × 7.7 m apart and nested within a larger overstory sampling plot. The area of each trap opening is 0.42 m 2 for a total of 8.40 m 2 per array. The species, dbh, and condition of overstory trees (dbh ≥ 11.4 cm) above each trap array are recorded on a 2267 m 2 area. The sampling plot boundary for capturing overstory Grand total 130 a CC-TH refers to stands where part of the stand was clearcut and the rest was thinned.
trees extends approximately 10 m beyond the outer-most traps to include trees whose crowns overtop the traps but are rooted outside of the array. During hard mast collection years, traps are visited weekly from the time acorns begin to drop (as early as late-July) to when acorn fall ceases (as late as mid-January). All acorns are collected during each weekly visit and stored in paper bags for processing once collection that year is finished. For each hard mast sampling plot, acorns are initially sorted into species and then into four maturity classes based on acorn morphology. Next, the mature acorns are partitioned into groups based on whether or not they were eaten by wildlife (mammal or bird species) and counted. Mature acorns without wildlife damage are then cut open to determine if cotyledons are fully formed and to inspect for evidence of insect and other forms of internal damage. Finally, the numbers of mature acorns with and without internal damage are recorded separately.
Acorn collection started in 1993 and was carried out for three consecutive years (1993) (1994) (1995) prior to the 1996-1997 treatment entry. Hard mast collection resumed in 1997 and continued annually until 2010, the last collection year before the second treatment entry of the MOFEP experiment. A change in protocol in [2003] [2004] rendered the data from these collection years unusable for this investigation. Therefore, the post-treatment period of this investigation consists of two, 6-year periods from 1997-2002 and 2005-2010 . Over the 18-year period covered in this study, the overstory trees above traps arrays were inventoried in 1995, 1998, 2005, and 2010 .
Analytical Approach
Analysis of variance (ANOVA) for a split-plot RCBD was used to test for effects of forest management (whole plot) and landscape position (subplot) on mean annual production of mature, sound acorn (i.e., acorns/ha/year) and was performed separately for red oak species (mainly black oak (Quercus velutina) and scarlet oak), white oak species (mainly white oak (Q. alba) and post oak (Q. stellata)), and all oak species combined. ANOVA models of mean annual acorn yield were generated for the pre-treatment period (1993) (1994) (1995) and MOFEP's first post-treatment period (1997-2002 and 2005-2010 combined) . Analysis was performed at two management scales. For analysis at the site level (i.e., multi-stand compartment), treatments were the three forest management systems (EAM, UAM, and NHM). For stand-level analysis, four stand management practices were selected to serve as treatments: clearcutting with reserves (CC), single-tree selection (SS), thinning (TH; EAM only), and no harvest (NH; NHM only). Estimates of both site and stand level yield were expressed on a per hectare basis. However, since these management systems impact a portion of a compartment in each entry and this study covers only the period following the first treatment, site level estimates were calculated from both treated and untreated stands within each compartment, which captured the response of acorn yield at the larger, site level. For assessing impacts of stand management practices, acorn yields for each practice were calculated from only those stands receiving that treatment. Additionally, repeated measures ANOVA models were used to test for effects of partial cutting (thinning and single-tree selection) and no-harvest management on mean annual acorn production over the two, 6-year periods after treatment: 1997-2002 (early post-treatment) and [2005] [2006] [2007] [2008] [2009] [2010] (late post-treatment). Model residuals were checked for normality and equal variance. When distributional assumptions were violated, a square-root transformation was applied. Statistical significance was assessed at α = 0.05. Fisher's least significant difference was used for comparing levels of significant fixed effects from ANOVA models. All statistical procedures were performed in SAS 9.2 (SAS Institute Inc., 2008).
Results
Management System and Landscape Position
The production of mature, sound acorns exhibited substantial inter-annual variation yet temporal trends were fairly consistent across treatments. During the pre-treatment period (1993) (1994) (1995) , mean annual acorn yield of red oak species varied from 1100 acorns/ha in 1993 among sites designated for EAM to 178,000 acorns/ha in 1994 among sites designated for UAM (Figure 2(a) ). Production by red oaks in 1994 among UAM sites was the highest recorded for this species group over the study period. Pre-treatment acorn production by white oak species varied from 700 acorns/ha in 1994 (UAM) to 101,000 acorns/ha in 1995 (EAM; Figure 2(b) ). Over the first post-treatment period of MOFEP (1997 MOFEP ( -2010 , acorn production by red oak species ranged from a high of 133,000 acorns/ha in 1997 under NHM to zero acorns collected in 2008 across the entire network of hard mast plots. White oak acorn production during the post-treatment period varied from a low of zero acorns collected in 2007 under UAM to a high of 61,000 acorns/ha under EAM in 2005. There were several years with no red oak or white oak acorns collected and very small crops of all oak species (Figure 2(c) ). However, there was no year that acorns were not collected.
Forest management system was not a significant source of variation in ANOVA models of pre-treatment production of mature, sound acorns (Table 2), which suggests that yields were comparable among the randomly assigned treatments prior to initiation of management (Figure 3) . Landscape position was a significant factor in models of pre-treatment acorn production for red oak species and all oak species, but not white oak species. Mean separation indicated that acorn production of red oak species and all oak species was lowest on WD landforms and higher on R than SW positions (Figure 4) . This spatial pattern in acorn yield matched the pre-treatment distribution of basal area of adult red oak species (dbh ≥ 25.4 cm) across landscape positions (Figure 5(a) ).
ANOVA models of post-treatment acorn production detected significant effects of forest management system and landscape position for red oak and all oak species, but not for white oak species ( Table 2) . Mean separation found that post-treatment red oak acorn production was lower under EAM than NHM, yet no differences were detected between UAM and the other systems (Figure 3) . For all oak species, post-treatment production was significantly lower under both EAM and UAM than NHM. Contrasts found significantly lower post-treatment Table 2 . ANOVA results for fixed effects from models of pre-treatment (1993-1995) and post-treatment (1997-2010) mean annual production of mature, sound acorns (acorns/ha/yr) for red oaks, white oaks, and all oaks under three forest management systems of the MOFEP experiment. A contrast comparing EAM and UAM against NHM was performed for posttreatment production. Source of variation (SV) and contrast abbreviations are: M, management system; E, ecological land type; MxE, interaction between management system and ecological landtype; E + Uv. NH, contrast for EAM and UAM versus NHM. Significant p-values are in bold (p < 0.05). Figure 3 . Mean annual production of mature, sound acorns (±1 standard error) by red oaks, white oaks, and all oaks within three forest management systems, averaged over ecological land types, captured before (1993-1995; black circles) and after (1997-2010 ; white circles) initiating forest management systems of the MOFEP experiment. Means followed by the same italicized letter within a species group are not statistically different based on Fisher's protected least significant difference (α = 0.05). The bottom row of letters applies to post-treatment means only. acorn yield under active management (combination of EAM and UAM) than NHM ( Table 2) . Declines in production coincided with decreases in the basal area of red oak species in actively managed sites shortly after treatment (Figure 5(a) ). Post-treatment acorn production by red oak species and all oak species was highest on northeast side slopes and comparable among the three other landscape positions (Figure 4) . Declines in acorn production on SW, R, and NE positions between pre-and post-treatment periods coincided with reductions in basal area of similar magnitude.
Stand Management Practice
Stand management practice was a significant source of variation in the ANOVA model of pre-treatment acorn production for red oak species only (Table 3) , suggesting inherent differences in acorn yield between stands that were assigned different silvicultural treatments prior to implementation. Specifically, mean separation detected lower production of acorns in stands treated with CC than those treated with SS to treatment (Figure 6 ). Landscape position was not a significant source of variation.
Stand management practice was a significant factor in ANOVA models of post-treatment acorn production for red oak species, white oak species, and all oak species, but not landscape position (Table 3) . For all three oak species groups, post-treatment acorn yield was lowest in CC stands, while no differences were detected among TH, SS, and NH stands (Figure 6 ).
Partial Overstory Removal
According to repeated measures ANOVA, time and interaction of time and stand management practice were Figure 6 . Mean annual production of mature, sound acorns (±1 standard error) by red oaks, white oaks, and all oaks within four stand management practices, averaged over ecological land types, captured before (1993-1995; black circles) and after (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) ; white circles) treatment of the MOFEP experiment. Means followed by the same italicized letter within a species group are not statistically different based on Fisher's protected least significant difference (α = 0.05). The top and bottom row of letters applies to pre-treatment (1993) (1994) (1995) and post-treatment (1997-2010) means, respectively.
significant components in models of post-treatment acorn production for white oak species and all oak species (Table 4) . For white oak species, mean separation of significant interactions revealed higher acorn production during the late post-treatment period in TH and NH stands (Figure 7) . All oak species also had higher acorn production during the late post-treatment period in TH stands. For red oak species (Figure 8(a) ) within hard mast plots, SS produced an immediate reduction mainly in basal area and had less of an impact on quadratic mean diameter, whereas TH reduced both basal area and quadratic mean diameter. There was no immediate reduction in either basal area or quadratic mean diameter of white oak (dbh ≥ 25.4 cm) in either SS or TH stands (Figure 8(b) ). Collectively, these patterns suggest that both partial cutting treatments targeted the removal of mainly red oak species, that this removal was more equable across the range of tree diameters in SS stands, and that the TH targeted larger red oaks. By 2010, the basal area of red oak species rebounded in TH stands, slightly exceeding pre-treatment basal area, while red oak basal area in SS stands rebounded marginally. Basal area of white oak species also showed a larger increase in TH stands compared to SS stands from 1998-2010. However, quadratic mean diameter of both red oak species and white oak species exhibited larger increases after SS than TH during the post-treatment period.
Discussion
Acorn Production at the Compartment Level
Our results support the hypothesis that acorn production at the compartment level was lower under active Mean annual production of mature, sound acorns (±1 standard error) during early (1997-2002; black circles) and late (2005) (2006) (2007) (2008) (2009) (2010) ; white circles) post-treatment periods by red oak spp., white oak spp., and all oak spp. within three stand management prescriptions, averaged over ecological land types, of the MOFEP experiment. Asterisk indicates a significant difference in acorn production between early and late periods within a stand management prescription based on Fisher's protected least significant difference (α = 0.05).
management than no-harvest management as a result of overstory removal in these oak-dominated landscapes. This result was found for red oak species and all oaks species combined, but not white oak species. The decrease in total oak production was likely more of a response to greater pre-harvest basal area and preferential harvesting of red oaks during the first MOFEP treatment entry (Kabrick et al., 2002) . There are multiple lines of evidence in support of a forest management effect on acorn yield of red oaks. Significantly lower post-treatment production on actively managed sites coupled with the absence of a detectable effect of the designated treatments on acorn yield prior to implementation (i.e., pseudo-treatment effect) suggest that active management lowered acorn production during the first post-treatment period. Decreases in the basal area of mature red oak species in the vicinity of hard mast plots in sites under active management, especially on ridges and side slopes, supports the role of timber harvesting in diminishing acorn yield. We also hypothesized that compartment-level acorn yield would be lowest under EAM, intermediate under UAM, and highest under NHM. This hypothesis was partially supported by results for red oaks, which had a lower post-treatment acorn yield under EAM than NHM, while acorn production under UAM was comparable to the other systems. However, effects of forest management on site-level acorn yield need to be interpreted cautiously. The 1996-1997 treatment entry affected a disproportionately large number of hard mast plots relative to the area that was actually treated at the compartment level. For example, clearcutting and thinning on average impacted 11% and 15% of the EAM sites in 1996-1997, respectively (Kabrick et al., 2002) , whereas 57% of the hard mast plots in EAM sites occurred within treated stands, including 32% falling entirely or partially within stands treated with clearcutting. Under UAM, an average of 57% of the area was treated with selection methods in 1996-1997 (Kabrick et al., 2002) , which impacted 67% of hard mast plots. Therefore, it is likely that the effect of management system on acorn production was partly an artifact of the first treatment entry having a disproportionately greater impact on the hard mast study than the compartments as a whole. This disproportionate impact may disappear as additional stands across each compartment are treated in subsequent harvests.
We also expected acorn production to vary among different landscape positions as a result of inherent variation in the density of adult oaks (dbh ≥ 25.4 cm) on the landscape both before and after harvest. Prior to the 1996-1997 treatment, red oak acorn yield was highest on ridgetops and northeast side slopes, which is also where the density of mature red oaks was greatest. Acorn production by red oaks during the post-treatment period was still higher on northeast side slopes, but, with the exception of upland waterways and drainages, yields were substantially lower than pre-treatment, especially on ridgetops. Once again, decreases in acorn production coincided with immediate post-treatment reductions in basal area of mature red oaks on hard mast plots, which were greatest on ridgetops and side slopes. This suggests that harvesting was concentrated on these more extensive and widespread landscape positions. Silvicultural prescriptions were implemented in stands in greatest need of treatment during the 1996-1997 entry on MOFEP sites (Brookshire et al., 1997) . These were mainly stands of declining black oak and scarlet oak. Because of their higher risk of mortality and lower probability of surviving until the next treatment entry, senescent red oaks exhibiting crown dieback (i.e., oak decline) are often targeted for removal.
Compared to the red oaks, the distribution of adult white oak species was remarkably uniform across landscape positions both before and after treatment, which helps to explain similar levels of production across these oak-dominated landscapes over the study period. The factors explaining this difference in spatial distribution between oak subgenera are at least partly linked to disturbance history at these sites and autecological differences between red oak and white oak groups. Landscape-scale variation in the abundance of oak species is partly a legacy of exploitative timber harvesting around the start of the last century. The greater relative abundance of red oak species on higher landscape positions is likely related to greater competitive ability of red oak species on xeric sites after a major disturbance. Using the MOFEP experiment, Kabrick et al. (2008b) found that red oak species regenerated at highest densities in clearcuts, especially on drier landforms where non-oak competitor densities were lower. The uniform distribution of white oaks could be related to a number of factors, such as slower height growth compared to red oaks in open conditions (Vickers et al., 2014) and higher shade tolerance of white oaks. A higher shade tolerance would enable this species group to survive suppression, continue to recruit new stems, and, perhaps, maintain a more uniform abundance of mature trees on these oak-dominated landscapes.
Acorn Production at the Stand Level
At the stand scale, we hypothesized that previously untreated stands treated for the first time with a single partial overstory removal, in this case intermediate thinning or single-tree selection, would have a lower acorn yield than untreated stands. This expectation was based on past research indicating that partial cutting boosts individual-tree acorn production yet often diminishes acorn yield at the stand level. Our analysis found that post-treatment acorn production in stands treated with a one-time intermediate thinning or single-tree selection treatment was comparable to yields observed in untreated stands, which does not support our hypothesis. The reason for this could be that increased individual-tree acorn production from the residual stand compensated for lost production from harvested trees or simply that the overstory removal resulting from both thinning and single-tree selection was not heavy enough to reduce acorn yield at the stand level. Greenberg & Parresol (2002) suggested that inconsistent results on the influence of partial overstory removal on stand-level acorn yield could be attributable to unknowingly removing a disproportionate number of either good or poor acorn producers. On state land in the Missouri Ozarks, silvicultural thinning and single-tree selection often target senescent oaks for removal. Since senescent oaks are poor acorn producers (Goodrum et al., 1971) , another possible explanation is that these treatments disproportionately removed poor acorn producers that contributed less to acorn yield at the stand scale than residual oaks. Unfortunately, the stand-level acorn collection approach of the MOFEP hard mast project does not allow us to differentiate between good and poor producers so we are unable to determine if indiscriminate removal of either has influenced our results.
Our study revealed that a one-time thinning or single-tree selection treatment did not diminish stand-level acorn production over the first 14 years of this long-term experiment. This interpretation has important implications for the management of oak-dominated forests. Thinning is applied to mature oak stands for a variety of objectives, such as timber production, enhancing forest health, adjusting species composition, improving wildlife habitat, and restoring natural communities with an oak component, such as oak woodlands (Johnson et al., 2009) . Although it is not as widely used as thinning to manage oak forests of the Central Hardwood Region, single-tree selection is applied more extensively for sustaining oak recruitment in the Missouri Ozarks (Johnson et al., 2009 ). This finding suggests that partial overstory removal can be implemented for harvesting timber and a variety of silvicultural objectives without sacrificing acorn production.
We also hypothesized that acorn production would increase in partially cut stands during the post-harvest period as a result of enhanced individual-tree growth and vigor stimulated by overstory density reduction (i.e., thinning effect). Our results partially supported this hypothesis for white oak species and all oak species combined, but not for red oak species. Increased acorn production was observed in thinned stands but not those treated with single-tree selection. However, acorn yield of white oaks also increased in untreated stands suggesting that other factors, such as weather or inherent variation among study sites (e.g., differences in the abundance or condition of adult white oak), could have also affected acorn yield during the post-treatment period.
Acorn Production over Time
The timeframe of this study covers the first post-treatment period after initiating management systems that are designed to transform a landscape dominated by a single age class to one composed of multiple age classes (i.e., compartment transformation). At the compartment scale, the ecological impacts of these management systems are cumulative with successive entries until the process of transitioning the entire site to either an area-regulated compartment composed of even-aged stands (EAM) or to a compartment composed of structurally regulated uneven-aged stands (UAM) is complete. Under EAM, the length of this transformation is equal to the rotation length of individual stands. Under UAM, this transition will require multiple of treatments, which may take less time than EAM to transform a site. Regardless how long this transformation takes, it is important to consider the impacts of management systems on acorn production reported in this study as preliminary findings of a longterm, landscape-scale experiment.
Although this study only covers the early stages of compartment transformation, our results suggest that active management will play an important role in acorn production at the compartment-level over time. Acorn production on sites under an EAM system that uses clearcutting as the primary regeneration method will likely continue to decline with successive treatment entries until older clearcut stands begin to yield enough acorns to slow this decline. Under UAM, compartment-level acorn yield may also decline as a result of shifting standlevel stocking from mainly mature trees to a mixture of age classes with younger, immature cohorts making up a larger component. Once transformation is complete, periodic acorn production, or yield averaged over segments of consecutive years, of compartments under active management may reach a plateau with fluctuations that are less than the total yield (i.e., quasi-equilibrium) and these production patterns may differ between EAM and UAM systems. Of course, this assumes that oak is maintained. In forest landscapes dominated by droughty, low-quality sites, like the Missouri Ozarks, this assumption is more tenable than in more mesic forests with a component of oak (Johnson et al., 2009) . If adequate oak regeneration is developed under either of these management systems, then tending treatments that favor oak and boost individual-tree vigor may be necessary to maintain acorn production and might even increase it; especially if good acorn producers are identified and preferentially retained (Healy et al., 1999; Greenberg & Parresol, 2002) . Active management at least affords the opportunity to manage acorn production at the compartment scale through silvicultural interventions designed to maintain a vigorous oak component at the stand level.
In the absence of active management (i.e., NHM sites), changes in acorn production over time on landscapes dominated by mature oak forest will depend on many factors. Red oak decline, in particular, has the potential to reduce acorn production on both managed and unmanaged landscapes. Greenberg et al. (2014) simulated acorn production in a southern Appalachian landscape under a no-management scenario both with and without oak decline over a 50-year period. Over the simulation, acorn yield (acorns/ha) increased by nearly 60% without oak decline, but, with oak decline, diminished by nearly 20%. Dominant red oak species of MOFEP sites are black and scarlet oak, both of which are considered shorter-lived species and acutely vulnerable to decline (Shifley et al., 2006; Kabrick et al., 2008a; Voelker et al., 2008) . Therefore, it is reasonable to postulate that acorn production will decline on these and similar sites in the absence of management. Sustainable forest management of oak ecosystems for meeting multiple resource objectives, including acorn production, will become increasingly important for mitigating negative impacts of oak decline and adapting to climate change.
Conclusions
For many oak-dominated landscapes, active management will be necessary to mitigate future losses of acorn production driven by oak decline, succession, and climate change, including approaches for sustaining oak recruitment and acorn production in the long term. It is important to keep in mind that the management implications that can be drawn from this study apply mainly to oak forests growing on dry sites. Therefore, the silviculture methods covered herein may need to be modified to address regional management issues in more mesic oak-dominated landscapes (e.g., the oak sapling bottleneck).
An important finding of this study is that partial overstory removal treatments that preferentially remove senescent red oaks can simultaneously harvest timber for forest products, improve individual-tree vigor and stand health, and sustain the recruitment of oak species without sacrificing stand-level acorn production. Although clearcutting will cause an immediate loss of acorns, this regeneration method, when applied judiciously as part of a silvicultural system, can be used to initiate new oak stands that will eventually contribute to acorn production. Heavier overstory removal treatments, such as clearcutting, low-density shelterwood methods, or group selection, may also be necessary to regenerate shade-intolerant red oak species. Despite large inter-annual variation in the total number of acorns produced, there was not a complete crop failure in any year during this study on these oak-diverse landscapes. Although this finding supports the long-held notion that a diverse mix of oak species reduces the probability of a total crop failure (Christisen & Korschgen, 1955; Goodrum et al., 1971; Sork et al., 1993; Koenig & Knops, 2002) , there were several years that the total crop was very small. Regardless of this finding, management practices that maintain a mix of white oak and red oak species at the stand or compartment scale should help to buffer these systems from a total crop failure and benefit oak regeneration and mast-easting wildlife by providing an annual supply of acorns.
